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Abstract 
 
 
 
 
 
 
This study focuses on the injection of relatively cold CO2 in a sandstone reservoir sealed by a shale cap rock. The purpose is 
to characterize and quantify the effect of thermoelastic stresses on the cap rock integrity. When cold fluid is injected into the 
reservoir, the rock matrix within the cooled region contracts and a localized thermoelastic stress field is induced. Several 
processes control the behavior of rock fractures, this study focuses on three: mechanic, hydraulic and thermal processes. 
Because these processes influence one another, we say that they are coupled. Therefore, we will use a coupled thermo-poro-
elastic model in order to investigate the induced thermal effects of CO2 injection on stresses, displacements, fracture pressure 
and its propagation. 
 
A base model constituted of a 40m thick sandstone reservoir sealed by a 100 m shale cap rock in a normal faulting 
hydrostatic tectonic environment has been created. This configuration will constitute our base model to which will be applied 
different scenarios, the purpose being to characterize the effect of large temperature difference between the injected fluid and 
the reservoir on the stress field around the injection zone. The method is to analyze the different cases developed, first with a 
simplified static analysis in order to have orders of magnitude and then with a transient numerical analysis (finite element 
method).  
 
The results show that the additional stresses induced by a temperature difference of 60°C between the injected fluid and the 
reservoir are between 10 to 20 MPa depending on the fracture concentration in the cap rock. The higher the fracture 
concentration the wider is the zone cooled by the injected fluid, which induce higher additional stresses that weaken the cap 
rock. Finally, in a normal faulting hydrostatic tectonic environment, even at “safe” injection pressures (pressures that stay 
below the horizontal earth stress), the additional stresses induced by the thermal effect lead to a localized tensile regime in the 
zone cooled by the injection. With the general assumption that subsurface rocks have negligible tensile strength, these 
thermal stresses can cause fractures to propagate and thus can damage the cap rock.  
 
 
  
4  SPE Number 
 
 
 
 
 
 
 
 
 
Acknowledgements 
 
 
 
 
 
 
 
 
 
 
 
The author thanks the Earth Science and Engineering department at Imperial College for supporting this MSc project. I 
would like to thank my supervisors Pr. Robert Zimmerman and Dr. Adriana Paluszny for her support and valuable advice 
throughout the whole length of the project. I would like to thank the PhD student Philipp Lang for his precious help with the 
numerical simulations. 
 
 
  
SPE Number  5 
Table of contents 
 
Declaration of own work……………………………………………………………………..……………………..………………………………….2 
 
Abstract……………………………………………………………………………………………………………………….…………………………...3 
 
Acknowledgements……………………………………………………………………………………………………………………………………..4 
 
 
1. Introduction…………………………………………………………………………………………...…………………………………………….7 
 
2. Critical literature review……………………………………………………………………………………..……………………………………8 
 
3. Governing equations of thermoporoelasticity…………………………………………………………………………………..………….10 
 
4. Method…………………………………………………………………………………………………………………………………..…………11 
4.1. Base model……………………………………………………………………………………………………………………………..………11 
4.2. Modification of model characteristics…………………………………………………………………………………………………..…....13 
 
5. Simplified static approach…………….……………………………………………………………………………………………………...14 
 
6.  Numerical analysis…………….…………………………………………………………………………………………………………..…….15 
6.1. Verification of the model ……………………………………………..……………………………………………………………...………..16 
6.2. Results of the simulations……………………………………………………………………………………………….…………………......18 
 
7.  Analysis and Discussion……………..………………………………………………………………………………………………..……….22 
 
Conclusions…………………………………………………………………………………………………………………………………………….22 
 
References……………………………………………………………………………………………….……………………………………………...23 
 
Nomenclature…………………………………………………………………………………………………………………………………….……..26 
 
Appendix 1: Literature survey………………………….……………………………………………………………………………...…………………..27 
 
Appendix 2: Derivation of the thermoporoelasticity theory……………………………………………………………..…………………………...39 
 
Appendix 3: Simulation tool CSMP++..…………………………………………………………….………………….…………………………………43 
 
Appendix 4: Verification simulation - Material parameters (Westerley Granite) (Chun, 2013)…….…………………………………….....….44 
6  SPE Number 
List of tables 
 
Table 1: Reservoir property………………..……………………………………………………………………………………………………………….13 
Table 2: Experimental setup…………………………………………………………………………………………………………………………….….13 
Table 3: Characteristics of the different cases……………………………………………………………..……………………………….………….14 
Table 4: Induced thermal stresses for varying injection temperature………………………………………………………………………..…….14 
 
List of figures 
 
Figure 1: THM coupling explanatory figure (Tsang&Stephansson, 1996)…………………………………………………………………………..9 
Figure 2: Pore pressure and in-situ stresses versus depth………………………………………………………………………………………….12 
Figure 3: Initial and boundary conditions of the model…………………………………………………………………………………….…………12 
 
Figure 4: Thermal induced stress for Pinj = 18MPa with varying temperature………………………………………………………………..….15 
Figure 5: Algorithm of the one-way coupling scheme……………………………………………………………………………………………...…16 
Figure 6: Temperature (°C) diffusion from (a) Chun's model and (b) Model (CSMP++) respectively…………………………………….…..16 
Figure 7: Comparison between the two models, temperature versus (a) vertical distance and (b) horizontal distance…………………17 
Figure 8: Induced tangential thermal stress after 1 month for (a) Chun’s model MPa (Chun, 2013) and (b) Model (CSMP++) in Pa…..18 
Figure 9: Comparison between the two models, induced tangential thermal stress after 1 month versus for (a) vertical distance and 
(b) horizontal distance……………………………………………………………………………………………………………………………...……….18 
Figure 10: Base case initial state (a) hydrostatic pressure (Pa) and (b) temperature (°C)…….…………………………………………….….19 
Figure 11: Temperature diffusion (°C) after 1 month for (a) S1, (b) S2 and (c) S3 respectively………………………………………...……..19 
Figure 12: Fluid pressure (Pa) after 1 month for (a) S1, (b) S2 and (c) S3 respectively……………………………………………………...….19 
Figure 13: Induced thermal normal stress (Pa) after 1 month for (a) S1, (b) S2 and (c) S3 respectively…………………………………….20 
Figure 14: Total mean stress after one month for scenario 1………………………………………………………………………………………..20 
Figure 15: Induced thermal normal stresses for the three scenarios after one months versus the central vertical line…………………21 
Figure 16: Induced thermal stresses (MPa) after 10 years of injection versus vertical line for the base case with varying Pinj and for a 
Tinj of 23°C.… ……………………………………………………………………………………………………………………………………………..….21 
Figure 17: Induced thermal stresses (tensile stresses seen positive) (MPa) over 10 years of injection for the base case with varying 
Tinj and for a Pinj of 18 MPa…………………………………………………………………………………………………………………………..……22 
 
 
  
SPE Number  7 
 
SPE Number 
Modelling fracture propagation in shale cap rocks cooled by CO2 injection 
Salma Zaki, Imperial College London 
Copyright 2013, Society of Petroleum Engineers 
 
This paper was prepared for presentation at the SPE Reservoir Simulation Symposium held in The Woodlands, Texas USA, 18–20 February 2013. 
 
This paper was selected for presentation by an SPE program committee following review of information contained in an abstract submitted by the author(s). Contents of the paper have not been 
reviewed by the Society of Petroleum Engineers and are subject to correction by the author(s). The material does not necessar ily reflect any position of the Society of Petroleum Engineers, its 
officers, or members. Electronic reproduction, distribution, or storage of any part of this paper without the written consent of the Society of Petroleum Engineers is prohibited. Permission to 
reproduce in print is restricted to an abstract of not more than 300 words; illustrations may not be copied. The abstract must contain conspicuous acknowledgment of  SPE copyright. 
 
Abstract 
 
This study focuses on the injection of relatively cold CO2 in a sandstone reservoir sealed by a shale cap rock. The purpose is 
to characterize and quantify the effect of thermoelastic stresses on the cap rock integrity. When cold fluid is injected into the 
reservoir, the rock matrix within the cooled region contracts and a localized thermoelastic stress field is induced. Several 
processes control the behavior of rock fractures, this study focuses on three: mechanic, hydraulic and thermal processes. 
Because these processes influence one another, we say that they are coupled. Therefore, we will use a coupled thermo-poro-
elastic model in order to investigate the induced thermal effects of CO2 injection on stresses, displacements, fracture pressure 
and its propagation. 
A base model constituted of a 40m thick sandstone reservoir sealed by a 100 m shale cap rock in a normal faulting 
hydrostatic tectonic environment has been created. This configuration will constitute our base model to which will be applied 
different scenarios, the purpose being to characterize the effect of large temperature difference between the injected fluid and 
the reservoir on the stress field around the injection zone. The method is to analyze the different cases developed, first with a 
simplified static analysis in order to have orders of magnitude and then with a transient numerical analysis (finite element 
method).  
The results show that the additional stresses induced by a temperature difference of 60°C between the injected fluid and the 
reservoir are between 10 to 20 MPa depending on the fracture concentration in the cap rock. The higher the fracture 
concentration the wider is the zone cooled by the injected fluid, which induce higher additional stresses that weaken the cap 
rock. Finally, in a normal faulting hydrostatic tectonic environment, even at “safe” injection pressures (pressures that stay 
below the horizontal earth stress), the additional stresses induced by the thermal effect lead to a localized tensile regime in the 
zone cooled by the injection. With the general assumption that subsurface rocks have negligible tensile strength, these 
thermal stresses can cause fractures to propagate and thus can damage the cap rock.  
 
 
1. Introduction 
 
Energy related CO2 represents the majority of global greenhouse gas emissions. Currently, the emission goals pledged by 
countries under the United Nations Framework Convention on Climate Change are to limit average global temperature 
increase to 2°C in 2050 (International Energy Agency). However, if no major efforts to reduce CO2 emissions are introduced, 
temperature could effectively rise by 5.3°C, with potential disastrous implications in terms of extreme weather events, rising 
sea levels, and the huge economic and social costs that these can bring (Van der Hoeven, 2013). Meeting these goals is a 
challenge that is being addressed in particular by international oil and gas companies with Carbon Capture and Storage 
projects.  
A short-term to mid-term way of mitigating climate change is Carbon Capture and Storage (CCS) technology. The 
collection of CO2 from industrial sources and its injection underground can potentially reduce greenhouse gas emissions into 
the atmosphere, if the gases can be stored and kept underground in a reliable manner. Gas injection is already common in the 
oil and gas industry mainly for increased oil recovery and reduction of flaring (Blunt, 2010). 
Concerning the storage capacity, from CCS Technology Roadmap (2013 edition, IEA), until 2013 four large-scale 
CCS projects have carried out and have stored approximately 50 MtCO2. Nine further projects, that should be operational by 
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2016, together have the potential to capture and store 13 MtCO2/yr. These projects have to be considered as pilot projects as 
the global carbon-dioxide emissions from fossil-fuel combustion reached a record high of 31.6 Gt in 2011, according to 
preliminary estimates from the International Energy Agency (IEA). Concerning storage sites, the injection of CO2 has to be 
into appropriate geologic formations that are typically located between 1000 meters and 3000 meters under the ground. 
Suitable geologic formations include saline aquifers, depleted oil and gas fields and oil fields with the potential for CO2 
Enhanced Oil Recovery projects. The cost of these projects can be unreasonably high if we have to transport CO2 over long 
distances or if we have to inject in deep reservoirs requiring high pressure injection as in offshore fields. However, with the 
evolution of the legislation in many countries, with incentives for CO2 reduction or implementation of a taxation on CO2 
emissions, sequestration of CO2 may become an economically viable project. 
To make significant impact on emissions, the volumes of CO2 to store would have to be similar to the amount of oil 
and gas currently handled by the hydrocarbon industry (estimated total global emissions of CO2 from fossil fuel use are 
around 30 Gt per year); this constitutes a major challenge (Blunt, 2010). One of the main challenges of CO2 sequestration is 
for injected CO2 to remain trapped in the geological formation. There are four principal storage mechanisms (Blunt 2010): 
the cap rock, which is a structural or stratigraphic trapping that prevents the upward migration of CO2; dissolution of CO2 in 
the formation brine, a chemical process forming a denser phase that will sink (slow process over hundreds to thousands of 
years); precipitation, the chemical reaction of the CO2 dissolved in brine that forms a weakly acidic solution that can react 
with the rock to form solid carbonate after thousands to millions of years; and finally, capillary trapping that occurs when 
water displaces and traps CO2 in the pore space.  
 
One of the major risks associated with CCS is the potential leakage of CO2 through the cap rock leading to release of CO2 
into shallow potable aquifers or to the atmosphere (Fang et al, 2013). This work examines the reliability of structural 
trapping, based on the evolution of the cap rock during injection, with specific emphasis on thermal effects on the buildup of 
stresses that may lead to fracture growth during injection. When the super-critical CO2 is injected, the mass and heat transfer 
between the relatively cold injected fluid and the relatively hot in-place fluid and rock locally affects the pressure and 
temperature of the formation. Thus, there are geomechanical consequences on stresses, displacements, fracture pressure and 
its propagation (Goodarzi et al, 2010). This work is focused on how temperature difference between injected and in-place 
fluids affects stresses that conduce to fracture growth in a shale cap rock. For this purpose, we will use a finite element based 
thermo-hydro-mechanical (THM) model of CO2 injection into a brine-saturated aquifer. The numerical model is used to 
quantify the impact of the large temperature difference between the relatively cold injected CO2 and, for deeper storage 
horizons, the relatively hot injection interval. Simulations are presented which simulate the 2D hydro-mechanical response of 
the cap rock under reservoir conditions, and study the effect of thermal-driven fracture propagation on cap rock integrity. The 
base case for the simulation is constituted of a sandstone reservoir, a shale cap rock, and an initial fracture located at the 
boundary. We calculate the stress caused by the injection pressure and the cooling effect of the CO2 around an existing 
fracture in order to determine if the fracture will propagate. Cases with multiple fractures are also considered, as well as the 
effects of varying injection properties. 
 
 
2. Critical literature review 
 
Goodarzi et al. (2010) investigated the induced thermal effects of CO2 injection on stresses, displacements, fracture pressure, 
and fracture propagation. They proved that coupling heat transfer model with flow and geomechanical model was necessary 
to accurately simulate induced fracturing caused by CO2 injection in storage operations. For most of the problems considered 
in reservoir modelling the thermal effects are of relatively minor importance, however when considering the injection of CO2 
at a temperature much lower than reservoir temperature the thermal effect becomes significant. The thermal effect reduces 
the maximal injection pressure allowed in order to avoid fracturing the formation. Therefore coupling heat transfer model 
with flow and geoemchanical model is necessary for accurate simulation of CO2 storage. Gor et al. (2013) focused their work 
on assessing the effect of thermal stresses on cap rock integrity during CO2 storage by analysing the rate of fracture 
propagation. According to Gor et al. (2013) mitigation efforts to avoid fracture propagation in the cap rock would be to 
reduce the temperature and pressure difference between the injected fluid and the reservoir. Luo & Bryant (2011) not only 
considered fracture propagation but also fracture initiation during CO2 injection and storage. Their model takes into account 
heat transfer with the purpose to estimate safe injection pressure range to avoid fracture initiation at an injection well.  
 
Analytical representations of thermo-hydro-mechanical (THM) coupling, have been developed since the early 1990’s, in the 
context of nuclear waste management. Noorishad & Tsang (1996) derived the general equations for the fully saturated case 
and the variably saturated case and discussed how each phenomenon (thermal, hydraulic and mechanical) is coupled: 
hydrothermal flow, coupled thermoelasticity, coupled poroelasticity. The fundamental laws governing the static equilibrium, 
flow of fluid and heat are coupled through the dependant variables of solid displacement, fluid pressure, and macroscopic 
medium temperature. The governing law in conjunction with constitutive equations and the equation of state provide the 
complete mathematical formulation of linear thermohydroelasticity phenomena in saturated porous media (Noorishad & 
Tsang, 1996). Zimmerman (1999) showed that the poroelastic coupling effect is significant, which means that the mechanical 
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deformation has a strong influence on the pore pressure and vice versa. However, the thermoelastic coupling effect is usually 
weak because although the temperature influences the stress and strain fields, the stresses and strains do not influence 
significantly the temperature field. Zimmerman (1999) also highlights how the stresses alter the permeability which can 
change the pore pressure distribution. Most recently, Gor et al (2013) proposed a semi-analytical coupled THM model.  
Numerical methods to simulate the effect of thermoelastic stresses on fracture propagation were developed before 
CO2 storage modelling became a necessity. Perkins & Gonzalez (1985) proposed a numerical model that incorporates the 
analytical equations to simulate hydraulic fracturing as cold water is injected into a single well in an infinite reservoir.  
Jing (2003) shows the importance of rock modelling when modelling THM processes. He insists on the fundamental 
characteristics (discontinuity, anisotropy, inhomogeneity and inelasticity) and phenomenon (coupling between thermal, 
hydraulic and mechanical processes) that must be taken into account in order to properly model rocks. THM numerical 
models can be classified by their conceptualization of the fractures reservoir geometry. The Finite Element Method (FEM) 
presents a lot of advantages in handling material inhomogeneity and non-linearity thanks to their flexibility for meshing. The 
Boundary Element Method (BEM) is more suitable for large-scale problems than the FEM method because it permits a 
reduction of the problem’s degrees of freedom. The Finite Difference Method (FDM) and Finite Volume Method (FVM) are 
especially useful for solving fluid flow equations so they are useful for coupled THM problems of large-scale (Jing, 2003). 
The Discrete Element Method (DEM) is very useful to model relatively large number of fractures for purely mechanical 
problems or for coupled THM processes. The main weakness of this approach, however, is the lack of fluid flow in the rock 
matrix (Jing, 2003). The last method is the Discrete Fracture Network model (DFN) that has the same weakness as the DEM 
approach (Jing, 2003).  
Among the different numerical methods, finite differences (FDM), volumes (FVM) and element (FEM) are mainly 
used (Watanabe, 2011; Li et al. 2008) to model THM processes in fractured reservoirs. However, because of the 
discontinuities (fractures) in the domain of interest, these continuity based numerical methods can be complex to implement, 
hence, discrete element methods (DEM) are sometimes more attractive (Watanabe, 2011). Chan et al (1995) compared the 
results between the two different numerical methods (FEM and DEM) and showed that in spite of the fundamental difference 
between the approaches, the predicted displacements, stresses and fracture closure agree quite well. 
 
Rock fractures may exhibit coupled behaviour (Figure 1), by which we mean deformation and propagation of rock fractures 
under various coupled processes (thermal, hydrological, mechanical and chemical) (Tsang, 1991). The THM coupling refers 
to hydrological processes that include fluid flow through a rock joint and transient pore fluid pressure changes caused by 
changes of system conditions; the mechanical processes that include dilation, shear and fracturation; and the thermal 
processes that include changes in temperature (Tsang, 1991). An example of THM coupling is the effect of changing 
temperature and pore fluid pressure on mechanical changes of the rock fractures. These processes can be fully uncoupled 
(they do not affect each other in any way) or one-way coupled (the progress of one process affects the progress of another) or 
fully-coupled (the progress of one process affects the progress of another and vice versa) (Tsang, 1991). 
 
 
 
 
 
One-way coupling generally refers to the common practice to first solve the fluid flow problem using the updated pore fluid 
pressures (Preisig & Prevost, 2011). In these models the pore pressure changes due to the deformations of the rock matrix and 
the fractures are not transferred back to the fluid flow calculations (Preisig, 2011). However, from a petroleum geomechanics 
perspective the changes in stress affect the pore volume, leading to influx or outflux, which means that the pressure and 
temperature solutions given by the reservoir simulator must be corrected or coupled with the stress changes (Yin, 2008). Full 
coupling refers to the simultaneous solution of the stress and pressure equations. Prevost (2013) showed that the only viable 
schemes (that requires a reasonable number of iterations) were either expensive but accurate fully coupled solutions or cheap 
but inaccurate simple one-way solutions.  
 
Figure 1: THM coupling explanatory figure (Tsang & Stephansson, 1996). 
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Natural fracture patterns and fracture propagation in the subsurface are difficult to characterize mainly due to the limited 
information available.  
Fracture pattern characteristics are sensitive to other observable quantities such as the stress state, the pore pressure, 
the strain rate, the material properties and fracture bed thickness (Olsen, 1997). Due to the irregular shape of reservoir rocks 
and their internal heterogeneity, the governing partial differential equations cannot be solved analytically (Paluszny et al, 
2007) and modellers have turned towards the numerical methods used in fractured mechanics. The simulation codes have to 
capture geometric change as a function of fracture propagation (Olsen, 1997). The most widely used techniques are the finite 
element methods (FEM) (Schöllman et al. 2001), the mesh-free methods (Bordas et al. 2008), the Extended Finite Element 
Method (XFEM) (Sukumar et al. 2000), the cracking particle method (Rabczuk et al. 2004) and methods using Non-Uniform 
Rational B-Splines (NURBS) surface also called smooth surface (Paluszny et al. 2013). 
The main challenges when simulating fluid flow and transport in deformable fractured rocks is the simulation of the 
deformation of the matrix, the computation of the stress intensity factor (SIF) and finally the modelling of the fracture 
growth. 
Paluszny and Matthäi (2009) presented a numerical modelling of discrete multi-crack growth approach. The deformation of 
the matrix can be handled by solving numerically the linear elastic deformation stress-strain constitutive equations with a 
finite element-based incremental remeshing fracture propagation technique. In their approach, the mesh automatically adapts 
to the evolving geometry.  
In general, propagation of a single crack is simulated by applying a failure criterion (Paluszny et al, 2009). Failure criteria 
examine if a sample will fail and control whether a fracture continues to propagate. The sub-critical crack growth failure 
criterion prescribes that a tip will propagate even though the energy around it may not overcome the material toughness by 
supposing that fatigue and corrosive processes around have progressively weakened it (Paluszny et al 2009). Stress intensity 
factors are often used for crack propagation. In mode I loading, they are compared with a critical value K IC of the material 
(Bouchard et al. 2003). It follows that: 𝐾𝐼𝐶 ≥ 𝐾𝐼 ≥ 𝐾𝐼
∗. Where KIC is the critical stress intensity factor, or toughness, Ki
*
 is the 
material corrosion limit, usually defined as a fraction of KIC, and KI is the mode I component of the local stress intensity 
factor (Bouchard et al. 2003). 
Fracture growth is characterized by a set of three laws (Paluszny et al 2013): failure (sub-critical, Rankine, 
Coulomb), propagation (Paris, Walker) and growth angle (maximum circumferential stress). The growth is then defined by a 
set of propagation vectors, which generates a new fracture tip. The implementation of numerical methods to model fracture 
growth is very complex and Paluszny and Matthäi (2009) detail a finite-element based method to propagate multiple fractures 
simultaneously. 
 
3. Governing equations of thermoporoelasticity 
 
By nature subsurface rocks are porous and the pores are saturated by fluids. These pore fluids have a major influence on the 
mechanical behavior of the rocks (Zoback, 2007). Therefore, the constitutive equations of elastic solids have to be extended 
to poroelastic solids in order to take into account these coupled mechanisms. 
 
Linear elasticity: 
A linearly elastic material is one in which stress and strain are linearly proportional and deformation is reversible: 
𝛔 = 2G𝛆 + λtrace(𝛆)𝐈         (1) 
where  is the stress tensor,  the strain tensor,  the Lamé parameter, G the shear modulus and I the unity tensor.  
 
Linear poroelasticity: 
In a porous elastic solid saturated with a fluid, the theory of poroelasticity describes the constitutive behaviour of rock. There 
are three principal assumptions associated with this theory (Zoback, 2007). First, there is an interconnected pore system 
uniformly saturated with fluid. Second, the total volume of the pore system is small compared to the volume of the rock as a 
whole. Third, we consider pressure in the pores, the total stress acting on the rock externally and the stresses acting on 
individual grains in terms of statistically averaged uniform values (Zoback, 2007). 
𝛔 = 2G𝛆 + λtrace(𝛆)𝐈 + α𝑃𝑝𝐈                     (2) 
where Pp is the pore pressure and  is the Biot coefficient (0 ≤ 𝛼 ≤ 1). The coefficient  is also known as the effective stress 
coefficient and accounts for the fact that the pore pressure is not totally effective in counteracting the effect of the confining 
pressure in changing the bulk volume. 
 
Thermoelasticity: 
A thermoelastic approach combines the theory of heat conduction with the elastic constitutive equations, and thus couples the 
temperature and stress fields (Ghassemi and Zhang, 2006). 
When we increase the temperature of a rock initially unstressed, the rock will expand. Under the assumption of linearity and 
for an isotropic rock, this temperature rise will induce strains in the rock that are given by 𝜀 = −𝛽(𝑇 − 𝑇0)𝐈 (Zimmerman, 
1999). Where T0 is the initial temperature of the rock and  is the coefficient of linear thermal expansion (dimension 1/K).  
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The basic assumption of linearized thermoelasticity is that if a rock is subjected to both a temperature and an applied stress 
state, then the resulting strain is the sum of the thermal strain and the stress-induced strained (Zimmerman, 2009): 
𝝈 = 2𝐺𝜺 + 𝜆𝑡𝑟𝑎𝑐𝑒(𝜺)𝐈 + 3𝛽𝐾∆𝑇                    (3) 
We note the temperature difference ∆𝑇. 
 
Thermoporoelasticity: 
Thermoporoelasticity theory considers the effects of both pore fluids and temperature changes on the mechanical behaviour 
of rock. 
𝝈 = 2𝐺𝜺 + 𝜆𝑡𝑟𝑎𝑐𝑒(𝜺)𝐈 + α𝑃𝑝𝐈 + 3𝛽𝐾∆𝑇         (4) 
 
The derivation of these equations is presented in Appendix 2 (Zimmerman, 1999). 
 
Fluid motions in porous media are governed by fundamental laws based on the principals of conservation of mass, 
momentum and energy. Equation of conservation of mass for the pore fluid, with q the fluid flux vector and the variation of 
fluid contents ζ: 
𝜕𝜁
𝜕𝑡
+ ∇. 𝒒 = 0       (5) 
Darcy’s law gives us the relation between the fluid flux and the pore pressure: 
𝒒 = −
𝒌
𝜇
∇(𝑃𝑝 − 𝜌𝑓𝒈. 𝒙)       (6) 
where k is the permeability tensor (m
2
),  is the fluid viscosity (Pa.s), Pp is the pore pressure, f is the fluid density and g is 
the gravitational acceleration vector. For simplicity we will neglect the gravitational term in the following. 
For isotropic rock masses, k=kI, where I is the unit tensor, and k is the permeability coefficient: 
𝜕𝜁
𝜕𝑡
=
𝑘
𝜇
∇2𝑃𝑝       (7) 
 
The diffusion equation for the temperature is derived by considering conservation of energy. We introduce a conductive heat-
flux vector qT, with units J/m
2
. 
The driving force for the conductive heat flux is the temperature gradient, as embodied by Fourier’s law for an isotropic rock: 
𝐪𝐓 = −𝑘𝑇∇(∆𝑇)𝐈          (8) 
where kT is the scalar thermal conductivity (W/mK). 
The temperature dependant part of the energy is given by: 
𝑈 = 𝑈0 + 𝑐𝑣∆𝑇          (9) 
where U is the energy per unit mass (J/kg), U0 is the energy at temperature T0 and cv (J/kgK) is the specific heat at constant 
strain. If the elastic strain energy is neglected, the net flux of heat conducted into any region of rock must equal the rate of 
change of the non-mechanical part of the internal energy: 
𝜌
𝜕𝑈
𝜕𝑡
+ ∇. 𝐪𝐓 = 0        (10) 
Using equations (8), (9) and (10) leads to: 
𝜕∆𝑇
𝜕𝑡
=
𝑘𝑇
𝜌𝑐𝑣
∇2(∆𝑇) = 𝐷𝑇∇
2(∆𝑇)          (11) 
Where DT is the thermal diffusivity (m
2
/s). 
 
4. Method 
 
The specific problem analysed is the injection of relatively cold CO2 in a sandstone reservoir sealed by a shale cap rock. The 
purpose is to characterize the thermal effects of the injection on the cap rock integrity. 
We implement a base model and apply it to three different scenarios. Then, we modify some parameters (injection 
temperature, injection pressure) of the base model in order to better understand the processes of fracture propagation. Five 
other cases detailed further on are defined. 
 
The method is to analyse the different cases developed, first with a simplified static calculation in order to have orders of 
magnitude and then numerically with a finite element method. 
 
4.1. Base model 
 
We consider an onshore reservoir at a depth of 1.5 km. We assume the initial pore pressure of the reservoir to be equal to the 
hydrostatic pressure. As the hydrostatic pore pressure (𝑃𝑃
ℎ𝑦𝑑𝑟𝑜
) conventionally increases with depth at the rate of 10 MPa/km 
(Zoback 2010), the initial pore pressure at the top of the reservoir is: 𝑃𝑃
ℎ𝑦𝑑𝑟𝑜 = ∫ 𝜌𝑤𝑎𝑡𝑒𝑟(𝑧)𝑔𝑑𝑧
𝑧
0
≈ 𝜌𝑤𝑎𝑡𝑒𝑟𝑔𝑧 ≈ 15 𝑀𝑃𝑎. 
 
The simplest assumption to determine the normal compressive stress at any depth below the surface is that it must be 
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sufficient to support the weight of the overburden rock (Jaeger, 2007). Conventionally (Zoback, 2010), we assume an 
overburden gradient of approximately 23 MPa/km: 𝜎𝑉 = ∫ 𝜌𝑟𝑜𝑐𝑘𝑠(𝑧)𝑔𝑑𝑧
𝑧
0
≈ ?̅?𝑟𝑜𝑐𝑘𝑠𝑔𝑧, with ?̅?𝑟𝑜𝑐𝑘𝑠 the mean overburden 
density and g the gravitational acceleration. For the purpose of the study we will choose to take 20 MPa/km which gives us a 
vertical in-situ stress of 𝜎𝑉 = 30 𝑀𝑃𝑎 at 1.5 km (top of the reservoir).  
 
The least principal in-situ stress, which corresponds in our analysis to the horizontal in-situ stress, is in practice obtained 
from leak-off tests. Typically, the ratio between the overburden stress and the horizontal in-situ stress is 0.7 (Luo & Bryant, 
2011). Hence the nominal fracture gradient is typically 16 MPa/km. This accounts for the lithostatic and hydrostatic stresses 
but not thermo-elastic effects. Here, we will assume: 𝜎𝐻 ≈ 0.7 ∗ 𝜎𝑉 = 21 𝑀𝑃𝑎. For the purpose of our study, we choose 
𝜎𝐻 = 20 𝑀𝑃𝑎.  
We represent the stress and pressure gradients on a pressure versus depth diagramme (figure 2). The blue curve represents the 
hydrostatic gradient, the redu curve is the horizontal in-situ stress gradient and the green curve is the overburden stress 
gradient. 
 
 
 
The basic setup is a block of 140m x 100m. The lower stratum is a 40m thick sandstone reservoir and the top stratum is a 100 
m shale cap rock. In the base model, initial fluid temperatures of the shale and sandstone are assumed identical, imposed at 
83°C. The injected fluid is taken at a temperature of 23°C.The reservoir is normally pressurized and the fluid is injected at a 
pressure of 18MPa. We consider an infinite field in the lateral directions (third dimension z). 
 
 
 
 
 
 
We constrain the displacements of the left boundary in x direction and the bottom boundary in y direction (zero displacement 
boundary conditions); these are the essential boundary conditions. We apply constant stress boundary conditions both at the 
right and at the top boundaries; these are called natural boundary conditions. These boundary conditions are the conventional 
boundary conditions used for biaxial loading. The boundary conditions are represented in Figure 3. 
 
The first scenario (S1) is to consider a single vertical fracture at the boundary between the shale and the sandstone. The 
injected fluid will arrive from the fracture to the reservoir. The fracture in this analysis plays the role of a partially penetrating 
injection well. In order to simplify the analysis, we will assume the fluid to have the same properties as the brine in the 
reservoir (one-phase analysis). The model properties are summarized in Table 1: 
 
Normal faulting hydrostatic 
Figure 3: Initial boundary conditions of the model. 
Figure 2: Pore pressure and in-situ stresses versus depth. 
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The second scenario (S2) considers the case where multiple fractures have been initiated at the shale/sandstone boundary. 
Finally, because our model does not simulate the propagation of the fracture, we implement a third scenario (S3) where we 
study a case with connected fractures that have appeared in the shale cap rock. 
 
The idea is to simulate numerically these scenarios in order to obtain the evolution of the temperature, the pore pressure and 
the stress field over a time period of ten years and to check whether the stresses tend to stabilize or could induce fracture 
propagation that could damage the cap rock integrity. The Table 2 below summarizes the three cases that are studied in the 
paper. 
 
S1: Single fracture 
 
The model constitutes a shale caprock and a sandstone 
reservoir. 
 
 Fracture with total length of 5.5m. 
 Fracture length in shale is 0.5 m. 
 Fracture maximal aperture is 0.05 m. 
 
S2: Multiple fractures at the boundary shale/sandstone 
 
 Fracture with total length of 5.5m. 
 Fracture length in shale is 0.5 m. 
 Fracture spacing is 2*L=11m (we will model nine 
fractures). 
 Fracture maximal aperture is 0.05 m. 
 
S3: Multiple fractures in shale 
 
 Fracture with total length of 5.5m. 
 Fracture length in shale is 0.5 m. 
 Fracture horizontal spacing is 2*L=11m (we will 
model nine fractures). 
 Fracture maximal aperture is 0.05 m. 
 Five fractures in the shale caprock that are 
connected. 
 
Table 2: Experimental setup (block of 100x140m). 
4.2. Modification of model characteristics 
 
We study the impact of the injection temperature, injection pressure and linear thermal expansion of the sandstone on the 
stress field around the fracture in S1 (single fracture). Firstly, we modify the temperature of injection and keep the other 
parameters identical to the base case. Secondly, we modify the temperature of injection and keep the rest constant and thirdly, 
Property  Shale  Sandstone  Fracture 
Temperature, T  83 °C  83 °C  23°C (brine) 
Fluid pressure, Pp  Hydrostatic pore pressure  Hydrostatic pore pressure  18 MPa 
Permeability, k  1e-6 mD  1000 mD  1e7 mD 
Specific heat capacity, C  920 J/kg/°C  1050 J/kg/°C  4180 J/kg/°C (brine) 
Density,   2400 kg/m
3
  2100 kg/m
3
  1000 kg/m
3
 (brine) 
Lin. thermal expansion coeff.   3.5e-5 °C 
-1
  1.0e-5 °C -1  6.8e-5 °C -1 
Porosity,   0.10  0.15  1 
Young’s modulus, E  7 GPa  17 GPa  1 Pa 
Poisson’s ratio,   0.3  0.25  0.25 
Table 1: Reservoir property. 
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we will only modify the linear thermal expansion coefficient of the sandstone. 
 
We implement five cases, Table 3: 
 
Cases Characteristics 
Case 1: Varying injection temperature 
Case 1.1 (identical to S1) Tinjection=23°C; Pinjection=18MPa; sandstone =1.0e-5 °C 
-1
 
Case 1.2 Tinjection=40°C; Pinjection=18MPa; sandstone =1.0e-5 °C 
-1
 
Case 1.3 Tinjection=70°C; Pinjection=18MPa; sandstone =1.0e-5 °C 
-1
 
Case 2: Varying injection pressure 
Case 2.1 Tinjection=23°C; Pinjection=17MPa; sandstone =1.0e-5 °C 
-1
 
Case 2.2  Tinjection=23°C; Pinjection=19MPa; sandstone =1.0e-5 °C 
-1
 
Table 3: Characteristics of the different cases. 
5. Simplified static approach  
 
In order to have an understanding of the thermal effect on fracture propagation, we start by presenting some simplified static 
calculations of the model presented. 
We recall the assumptions used for the base model. The pore pressure at the boundary between the shale and the sandstone is 
the hydrostatic pressure 16 MPa. The minimum in-situ stress is in the horizontal direction set up at 20 MPa in compression. 
In first approximation we assume that the tensile strength of the rock is zero, we can assume that the fracturation pressure is 
equal to: 𝑃𝑓𝑟𝑎𝑐 = 𝜎𝐻𝑚𝑖𝑛 = 20𝑀𝑃𝑎. 
The pore fluid pressure, which acts outwards from the pore space, will act as a tensile stress and in an isotropic rock, this 
effect should be the same in any three mutually orthogonal directions (Jaeger et al, 2007). The failure of a soil is therefore 
controlled by the effective stresses (’), which would be the principal stresses, considered positive if compressive, minus the 
pore pressure (Jaeger et al, 2007). In this case, at the boundary shale/cap rock: 
𝜎𝐻𝑚𝑖𝑛
′ = 𝜎𝐻𝑚𝑖𝑛 − 𝑃𝑝 = 20 − 16 = 4𝑀𝑃𝑎       (12) 
In a more general formulation, P could be multiplied by some parameter , referred to as the effective stress coefficient. We 
choose in our analysis  equal to unity as most experiments on rocks support the conclusion that the effective stress 
coefficient for failure is one (Jaeger et al, 2007). 
In the initial state we are in a “safe” state, in other words, no fracture is possible. Without considering thermal effects, we will 
stay in the “safe” state as long as the fluid pressure stays under the minimum in-situ stress of 20MPa. If we inject at 17MPa, 
18MPa and 19MPa, and if we don’t take into account the effect of the temperature, we shouldn’t fracture the reservoir. 
However, the effect of the temperature needs to be considered. 
 
If we calculate the stress induced by the thermal difference between the injected fluid and the reservoir temperature (83
o
C), 
we obtain (Zimmerman, 1999), with the convention negative stress for tensile state: 
 
∆𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛽𝑟𝑜𝑐𝑘𝐾𝑟𝑜𝑐𝑘∆𝑇                  (13) 
With:  
- the temperature difference defined as: ∆T = (T − 83); 
- the linear thermal expansion coefficient of the Shale 𝛽 = 3.5 × 10−5 °𝐶−1;  
- the linear thermal expansion coefficient of the sandstone 𝛽 = 1 × 10−5 °𝐶−1;  
- the bulk modulus of the shale 𝐾 =
𝐸
3(1−2𝜈)
 =
7×109
3(1−2×0.3)
= 5.83 × 109Pa; 
- the bulk modulus of the sandstone 𝐾 =
𝐸
3(1−2𝜈)
 =
17×109
3(1−2×0.25)
= 1.13 × 1010Pa. 
The results are summarized in Table 4:  
 thermal in Shale thermal in Sandstone 
Thermoelastic stresses for a temperature 
difference of 60°C (Tinjection=23°C) 
-12.2 MPa -6.8 MPa 
Thermoelastic stresses for a temperature 
difference of 43°C (Tinjection=40°C)  
-8.7 MPa -4.9 MPa 
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Thermoelastic stresses for a temperature 
difference of 13°C (Tinjection=70°C) 
-2.7 MPa -1.5 MPa 
Table 4: Induced thermal stresses at the boundary shale/sandstone for varying injection temperature. 
We plot these stresses on Pressure versus depth graph that highlights the zone of fracture, Figure 4: 
 
Figure 4: Thermal induced stress for Pinj = 18MPa with varying temperature. 
In Figure 4, we can see that the thermal effect will cause the stresses to enter the fracture zone in the shale cap rock for every 
temperature tested. So at an injection of 18MPa, theoretically we expect the fracture to propagate in the shale. For the 
sandstone, we notice that in the case where we inject at 70°C, the stresses remain in the “safe” zone (no propagation of 
fracture). This is due to the difference between the linear thermal expansion coefficients of the rocks. 
 
From the simplified static calculations we show that, if we wish to inject at a temperature of 23°C (the most restricting case) 
without fracturing the reservoir and the cap rock, we need to have an injection pressure much lower than 18MPa. But here we 
are prevented to inject at a pressure lower than the hydrostatic pressure of 16 MPa as we assumed the reservoir to be 
normally pressurized (pore pressure equal to th hydrostatic pressure). So we clearly show that in this type of reservoir it is 
impossible to inject at this temperature without fracturing the shale. 
 
Obviously, this is a simplified analysis that doesn’t take into account the dynamic effects of the injection and the evolution in 
the time. Therefore a more complex analysis has been performed using a numerical finite element solver. 
 
6. Numerical analysis 
 
The simulation of the two-dimensional models created will be performed with a finite element solver CSMP++ (Appendix 3).  
The algorithm of resolution of the coupled equations is: 
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Figure 5: Algorithm of the one-way coupling scheme. 
 
6.1. Verification of the model 
 
In order to verify our model we reproduce a case already studied and for which results have been published. We are using the 
study done by Kwanghee Chun from Texas A&M University. 
 
The simulation we are reproducing is the transient uniform cooling around a single horizontal fracture in an elastic rock. For 
this simulation the initial fracture length is 50 m, the initial reservoir rock temperature is 200°C and the injection water 
temperature is 20°C. The input parameters of the simulations are identical to those used by Chun (Appendix 4). 
 
We calculate the temperature field in the rock matrix at one month by uniformly cooling around the fracture. We compare our 
model results with the results presented by Chun. Figure 6 shows the temperature field in the rock matrix at one month due to 
transient cooling respectively for Chun’s model and our model (CSMP++). As expected, the results show an elliptical shape 
of cooled zone uniformly induced near the fracture. Along the crack surface the temperature remains as injection temperature 
resulting from the constant water injection. 
 
Figure 6: Temperature (°C) diffusion from (a) Chun's model and (b) CSMP++ respectively. 
Figure 7, we plot the temperature versus the vertical distance from the fracture and the horizontal distance from the fracture 
for the two simulations and compare the results. 
(a) (b) 
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Figure 7: Comparison between the two models, temperature versus (a) vertical distance and (b) horizontal distance. 
For the temperature field our model and Chun’s model are in good agreement.  
 
 
The following analyzes the stress field. Before looking to the results of the simulation, we will perform a simplified static 
analysis of the situation in order to get an idea of the orders of magnitude we are expecting from the simulations. 
We calculate the stress induced by the thermal difference between the injected fluid (20°C) and the reservoir temperature 
(200
o
C) (Zimmerman, 1999), Eq. 13: 
∆𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛽𝑟𝑜𝑐𝑘𝐾𝑟𝑜𝑐𝑘∆𝑇 
With:  
- the temperature difference defined as: ∆T = (200 − 20) = 180°𝐶; 
- the linear thermal expansion coefficient of the Granite 𝛽 = 24 × 10−6 °𝐶−1;  
- the bulk modulus of the Granite 𝐾 =
𝐸
3(1−2𝜈)
 =
37.5×109
3(1−2×0.25)
= 2.5 × 1010Pa; 
Finally, in first approximation, we expect the induced thermal stresses to be approximately around: 
∆𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 108 𝑀𝑃𝑎      (14) 
 
Figures 8 and 9 illustrate the induced tangential thermal stress distribution due to the transient cooling at one month 
respectively from Chun’s model and from our model. As shown in Chun’s results, the maximum tangential thermoelastic 
stress is around 65 MPa. Our model shows a maximum tangential thermoelastic stress around 70 MPa. These results are in 
good agreement even if they are both lower than what we have calculated in first approximation (108 MPa) they still remains 
in the same order of magnitude.  
(a) (b) 
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Figure 8: Induced tangential thermal stress after one month for (a) Chun’s model in MPa (Chun, 2013) and (b) Model (CSMP++) in Pa. 
We note that the values in Figure 8.a are in MPa whereas the values presented in Figure 8.b are in Pa.Therefore, the values 
between the two models have indeed the same order of magnitude. We also remark the disconuous stress field in Figure 8.b, 
the mesh chosen may explain this behaviour but we would have to run further simulations to be certain. 
 
 
Figure 9: Comparison between the two models, induced tangential thermal stress after one month versus for (a) vertical distance 
and (b) horizontal distance. 
We notice a gap between the numerical values from Chun’s model and our model that increases while approaching the 
boundary. However the order of magnitude is respected between the two models and the qualitative behavior is in agreement. 
Therefore, we consider that the numerical model is successfully verified as it is in good agreement with the results presented 
by Chun. 
 
6.2. Results of the simulations 
 
To start with, we will present the results of the base case applied to the three scenarios described earlier on (S1, S2 and S3). 
Figure 10 illustrates the initial state of the base case. The reservoir is normally pressurized (pore pressure equal to hydrostatic 
pressure) and at an initial temperature of 83°C. The fluid arriving through the fracture is at 23°C. 
 
(a) (b) 
(a) (b) 
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Figure 10: Base case initial state (a) hydrostatic pressure (Pa) and (b) temperature (°C). 
 
We set up the injection pressure at 18MPa and analyze the evolution of the temperature and induced thermal normal stress in 
the rock matrix for the three scenarios, we present the results after one month of injection in Figure 11. 
 
 
Figure 11: Temperature diffusion (°C) after one month for (a) S1, (b) S2 and (c) S3, respectively. 
 
Figure 12: Fluid pressure (Pa) after one month for (a) S1, (b) S2 and (c) S3 respectively. 
 
 
(a) (b) 
(a) (b) (c) 
(a) (b) (c) 
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Figure 13: Induced thermal normal stress (Pa) after one month for (a) S1, (b) S2 and (c) S3 respectively 
 
Figures 11, 12 and 13 illustrate the temperature (°C) diffusion after one month, the pressure equilibration (Pa) and the 
induced thermal normal stress (Pa) (tensile stresses are seen negative) in the reservoir block. We notice that the diffusion of 
the temperature is in the same order of magnitude in the shale and the sandstone.  
 
Concerning the pressure diffusion, we notice that the pressure stays in the same order of magnitude as in initial state in the 
shale due to the low permeability, whereas, the lower sandstone has equilibrated to prescribe the 18 MPa of the injection plus 
the hydrostatic pressure. 
 
Concerning the stresses induced by the thermic effect, we observe the apparition of induced stresses in the regions that were 
cooled by the injected fluid. The convention used sees tensile induced stresses as negative. The maximum value for the first 
scenario is 13.3 MPa for the second scenario 15 MPa and for the third scenario much higher at 25 MPa. We can compare 
these values with the static analysis presented and we notice that the orders of magnitude are respected. Nevertheless, we 
notice some strong boundary effects on the left of the model and the stress field is not symmetrical, this may due to the 
asymmetrical boundary conditions imposed.  
 
We show the total mean stress (in situ and induced stresses) for the first scenario in Figure 14. 
 
Figure 14: Total mean stress after one month for scenario 1 
The remark we made in the static analysis (Section 5) is confirmed by the numerical results. After one month of injection, 
with the assumption that subsurface rock is considered of negligible tensile strength, we see that the around the fracture the 
reduction of temperature created a local tensile stress regime that will certainly cause the fracture to propagate. We also 
notice that the total mean stress is higher in the shale cap rock than in the sandstone, which corroborates what we calculated 
with the static analysis. 
 
Total (induced + insitu) mea  str ss. This indicates a loca  tensile stress regime 
Which probably causes fracturing (usually subsurface ro k is considered of negligibl  
Tensile strength n eng eering for the existance of mat ri l flaws/micro fractu es, 
As general engineering assumpztion) 
(a) (b) (c) 
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Figure 15: Induced thermal normal stresses for the three scenarios after one month versus the central vertical line 
In Figure 15, we notice that the induced stresses in S3 are higher than the stresses induced in S2 these ones being also higher 
than for the single fracture (S1). Therefore, the thermal effect has more impact on the stresse field around the fracture in the 
cases where there are several connected fractures. This is beacause the cold fluid can flow more easily (in S3) and cools the 
reservoir rock around the fractures. So, when there are several fractures in which cold fluid flows the thermal effect induces 
higher stresses and the situation is more critical.  
 
Results of the simulations for the base case, with varying parameters 
 
Figures 16 and 17 show respectively the induced thermal stress, at the fracture tip, with a constant injection pressure and a 
varying temperature of injection and the induced thermal stress with a constant temperature of injection and a varying 
injection pressure over a period of 10 years. 
 
 
Figure 16: Induced thermal stresses (tensile stresses seen positive) (MPa) at the fracture tip over 10 years of injection for the base 
case with varying Tinj and for a Pinj of 18 MPa 
As expected, at same injection pressure, the induced thermal stresses (tensile stresses are seen positive) are more important 
when the temperature difference between the injected fluid and the reservoir is larger. However, the order of magnitudes that 
we found are ten times higher than expected and we wouldn’t expect the stresses to increase that much after 10 years. The 
simulations predict the thermal stresses to increase with time, the stresses after 10 years are ten times higher than the stresses 
after one year. This behaviour is not consistent with what we would expect to happen. We would expect the thermal stresses 
to stabilise after a certain time. So the model appears to be inconsistent for large time scale. 
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Figure 17: Induced thermal stresses (MPa) at the fracture tip after 10 years of injection versus vertical line for the base case with 
varying Pinj and for a Tinj of 23°C 
The results show that the higher the injection pressures and the lower the induced thermal stresses would be. This behavior 
leads to think that at small injection pressures, the cooling effect of the injected fluid induces higher thermoelastic stresses 
than at high injection pressures. Therefore, at low injection pressure the state of stress will be controlled by the thermoelastic 
stresses whereas at high injection pressure the most significant stresses will be the one created by the injection itself.  
 
7. Analysis and Discussion 
 
The numerical results after one month and the static analysis are in good agreement. The stresses induced by a 
temperature difference of 60°C between the injected fluid and the reservoir are between 10 to 20 MPa depending on the 
fracture concentration in the cap rock. In the configurations described in this paper, these additional stresses create a tensile 
stress regime around the fractures that could lead to the propagation of these fractures. We have identified a limitation in our 
model, the stress field calculated is not symmetrical probably because of the boundary conditions imposed. The boundary 
conditions (biaxial stress) used may not be the best choice to represent the state of stress in the subsurface and we should try 
to build a uniaxial strain model instead as reckoned by Jaeger et al (2007). 
 
The calculations show that with large temperature differences between the injected fluid and the reservoir, the 
induced stresses significantly impact the stress field in the cooled region. In the presented configuration, a reservoir at the 
hydrostatic pressure with usual in-situ stresses, there is almost no possibility to injected cold CO2 without damaging the cap 
rock. Therefore, with large temperature difference between the cap rock and the injected fluid, an option to maintain the cap 
rock integrity is to inject into a depleted reservoir. The reservoir pressure will then be lower than the hydrostatic pressure, 
thus, increasing the gap between the minimal in-situ stress and the reservoir pressure, which leaves the possibility to decrease 
the injection pressure. For instance, in our configuration, in S1 we showed that the induced stresses are around 10 MPa for a 
temperature difference of 60°C; and we recall that the minimum in-situ stress is 20MPa. So if we could inject the cold fluid at 
9MPa in a depleted reservoir the total stress would be 19MPa remaining below the minimum in-situ stress; therefore, no 
fractures should propagate in this scenario. 
 
Conclusions 
 
We have established the business context and the importance of CO2 injection and thermal effect on cap rock 
integrity. The presented static analysis indicates that even in a configuration where the injection pressure stays below the 
fracture pressure of the rock, the thermal effects induced by the temperature difference between the reservoir and the injected 
fluid creates additional thermal stresses that have a significant impact on the stress field and could lead to fracture 
propagation. The quantified analysis, shows through an example that for a temperature difference of 60°C between the 
reservoir and the injected fluid, the induced thermal stresses around the well is estimated at around 10MPa, which in a 
configuration where the least in-situ principal stress is 20MPa could lead to propagation of fractures damaging the cap rock. 
We have described different scenarios. We have identified the expected outcome from the simulation. The transient analysis 
confirms the static analysis. We were able to show that there is almost no room for injecting significant volumes of CO2 with 
a large temperature difference in this configuration. Finally, we can establish the main drivers to define a safe CO2 injection 
pressure in a specific formation. Mitigation strategies include injecting in a depleted reservoir that will have a reservoir 
pressure much lower than the hydrostatic pressure. This would allow injecting at a lower pressure in order to ensure that the 
additional stresses induced by the thermal effect would still not lead the stress state to exceed the fracture pressure of the 
rock. Injection through a horizontal well located at the bottom of the sandstone would allow to decrease the injection pressure 
and to leave more time for the CO2 to warm up before reaching the cap rock. 
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Future work includes running numerical simulations that implement a fully two-way coupled scheme. These results 
can be compared with the results of the one-way coupled scheme presented herein. There are also several axes on which we 
could work to increase complexity of the model. In particular, the two-phase model could take into account the characteristics 
of the brine and the supercritical CO2. We should also take into account the relative permeability’s between the two fluids 
and the capillary pressures. These pressures could have a significant effect on the stress field. There are also chemical 
reactions between the supercritical CO2 and the rock and reservoir brine that would have to be modelled. In particular mineral 
trapping (ie. precipitation of the dissolved CO2 as carbonate minerals through chemical reactions) that may also play a role in 
CO2 sequestration in shale. 
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Nomenclature 
 
 
Nomenclature 
σij Total stress tensor 
σ’ij Effective stress tensor 
εij Total strain tensor 
I Unit tensor 
𝑐𝑠 Specific heat of solid (J kg
-1
 K
-1
) 
𝑐𝑓 Compressibility of the fluid (Pa
-1
) 
G Shear modulus: relating stresses to strains in a state of pure shear (Pa) 
λ Lame parameter (Pa) 
ν 
Poisson’s ratio is defined as the (negative) ratio of the transverse strain to the longitudinal strain, 
under conditions of uniaxial stress. 
E 
Young’s modulus (Pa): defined as the ratio of one of the principal direction stress to the strain 
that results in the same direction. 
f External force or flow/heat source/sink vector 
k Absolute permeability tensor (m
2
) 
k Absolute permeability (m
2
) 
K 
Bulk modulus of the material (Pa): relating the volumetric dilatation e linearly to the mean stress 
providing the pore pressure is zero. 
Kf Bulk modulus of fluid  
Ks Bulk modulus of solid  
Km Bulk modulus of rock matrix 
α 
Biot’s coefficient: represents the fraction of the volumetric dilation e due to the porosity variation 
 when the pore pressure is zero. 
β Coefficient of linear thermal expansion 
 Porosity 
k Permeability tensor m
2
 
μ Dynamic viscosity Pa.s 
𝜌𝑓 Fluid density 
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Appendix 1: Literature survey 
 
Paper reference Year Title Authors Contribution 
SPE 11332 1985 
“The effect of 
Thermoelastic stresses on 
injection well fracturing” 
T.K. Perkins, 
J.A. Gonzalez 
This paper considers thermoelastic stresses that would 
result from cooled regions of fixed thickness and of 
elliptical cross section.  
Int. J. Rock Mech. 
Min. Sci. & 
Geomech. Abstr. 
Vol. 32, No 5, pp. 
435-452, Elsevier 
Science Ltd. 
Pergamon 0148-
9062(95)00034-8 
1995 
“International comparison 
of coupled thermo-hydro-
mechanical models of a 
multiple fracture Bench 
Mark Problem: 
DECOVALEX  
Phase I, Bench Mark Test 
2” 
T. Chan, 
K. Khair,  
L. Jing,  
M. Ahola,  
J. Noorishad, 
E. Vuillod. 
 
 
Comparison between the results of a bench mark problem 
by 5 research teams using two fundamentally different 
types of numerical models (Finite element method and 
discrete element method). 
 
Application in nuclear waste isolation. 
Developments in 
Geotechnical 
Engineering, vol. 
79, Elsevier 
Science B.V. 
1996 
“Coupled 
Thermohydroelasticity 
Phenomena in Variably 
Saturated Fractured 
Porous Rocks – 
Formulation” 
C.F. Tsang, 
J. Noorishad 
Present the equations and a finite-element solution 
methodology for the coupled THM problem in variably 
saturated porous fractured rocks subject to the condition 
of weak non-isothermal conditions. 
 
International 
Journal of Rock 
Mechanics and 
Mining Sciences 
37 79-87 
2000 
“Coupling in 
poroelasticity and 
thermoelasticity” 
R.W. 
Zimmerman 
Derivation of the equation of linearized poroelasticity and 
thermoelasticity.  
Description of the coupling parameters: poroelastic 
parameter and thermoelastic parameter. 
International 
Journal of Rock 
Mechanics and 
Mining Sciences 
40 (2003) 283-
353 
2003 
“A review of techniques, 
advances and outstanding 
issues in numerical 
modelling for rock 
mechanics and rock 
engineering” 
L.Jing 
This paper focuses on rock modelling. It shows the 
fundamental characteristics (discontinuity, anisotropy, 
inhomogeneity and inelasticity) and phenomenon 
(coupling between thermal, hydraulic and mechanical 
processes) that must be taken into account in order to 
properly model rocks. It also summarizes the different 
main methods to model rock that exist. 
Journal of 
Engineering 
mechanics ASCE 
2006 
“Porothermoelastic 
Analysis of the Response 
of a Stationary Crack 
Using the Displacement 
Discontinuity Method” 
A. Ghassemi, 
Q. Zhang 
This paper examines the response of a fracture in 
porothermoelastic rock when subjected to stress, pore 
pressure, and temperature perturbations. 
SPE 139706 2010 
“Thermal aspects of 
geomechanics and 
induced fracturing in CO2 
injection with application 
to CO2 sequestration in 
Ohio River Valley” 
S. Goodarzi; 
A. Settari; M. 
Zoback; D.W. 
Keith 
Proposition of an optimization algorithm for injection 
temperature.  
It is based on limiting the maximum fracture length and 
minimizing the risk of leakage from thermal effects of 
CO2 storage while improving the injection capacity.  
Energy Procedia 4 
3714-3721 
Elsevier 
2011 
“Influence of thermo-
elastic stress on fracture 
initiation during CO2 
injection and storage” 
Z. Luo, 
S. Bryant 
 
Description of a model of fracture propagation and 
initiation that takes into account the thermo-elastic 
effects.  
This model is meant to be used in risk mitigation in order 
to estimate the safe injection pressure range to avoid 
fracture initiation at an injection well.  
Computers and 
Geotechnics 38 
669-682 
2011 
“A numerical study on the 
long term thermo-
poroelastic effects of cold 
water injection into 
naturally fractured 
geothermal reservoirs” 
J. Koh,  
H. Roshan, 
S.S. Rahman 
 
A geothermal reservoir model is presented, in which a 
thermo-poroelastic finite element module is coupled to a 
fracture geomechanical module.  
The novelty of the approach presented lies in its dynamic 
treatment of the characteristic properties of individual 
fractures.  
International 
Journal of 
Greenhouse Gas 
Control 12 
300-309 
2013 
“Effects of thermal 
stresses on caprock 
integrity during CO2 
storage” 
G. Yu. Gor, T. 
R. Elliot, J. H. 
Prevost 
Study of the effect of CO2 injection temperature on 
caprock integrity using coupled thermo-poromechanical 
multi-phase simulations.  
Estimation of the rate of fracture propagation and 
analysis of the effect of caprock permeability on this rate.  
Biot-5 conference, 
Vienna 
2013 
“One-way versus Two-
way coupling in reservoir-
geomechanical models” 
 
J. Prevost 
Procedures to couple stress and pressure, saturation and 
temperature equations are reviewed. As coupling between 
saturation and temperature with stress and fluid pressure 
are weak, the focus is put on stress and pressure 
equations couplings. 
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1985 
“The effect of Thermoelastic stresses on injection well fracturing” 
Authors: T.K. Perkins, J.A. Gonzalez 
Contribution:  
Proposition of a computer model that incorporates the analytical equations to simulate hydraulic fracturing as cold water is 
injected into a single well in an infinite reservoir. The stress changes have been correlated and empirically fitted with 
equations to estimate the average interior stresses in elliptical cooled regions. 
Objective of the paper: 
The objective of this paper is to present a numerical method that allows the determination of the thermoelastic stresses. It also 
presents a theory of hydraulic fracturing of injection wells. 
Methodology used: 
- The stresses for an infinitely thick reservoir have been deduced from information available in public literature. 
- Development of a numerical method to calculate the thermoelastic stresses across a region of elliptical cross section 
and finite thickness. 
- Results of these 2 approaches were combined, and empirical equations were developed to give an approximate 
explicit method for estimating induced stresses. 
Conclusions reached: 
It has been shown that the injection of cool water can induce a reduction of the stresses around injection wells. Consequently, 
fractures are created at pressures considerably lower than would be expected in the absence of the thermoelastic effect. 
It has also been shown that initially the fracture should be a two-winged fracture, which propagates perpendicular to the 
direction of the minimum principal horizontal stress.  
Short fractures, which result from low injection rate, high permeability, or low reservoir pressure, do not significantly change 
the shape of the waterflood front from the circular shape that would be expected for an unfractured well. Longer fractures, 
which result from high injection rates, low permeability, high reservoir pressure, or poor water quality, cause the 
waterflooded region to become noticeably elliptical in shape. 
Comments: 
This approach can be very useful when developing a field because an understanding of thermoelastic fracturing enables a 
designer to predict injection well performance more accurately. It could be useful in determining the number of injection 
wells required for a waterflood, in sizing injection pumps and in estimating the effect that water quality has on the injectivity 
of the wells. 
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Int. J. Rock Mech. Min. Sci. & Geomech. Abstr. Vol. 32, No 5, pp. 435-452, Elsevier Science Ltd. Pergamon 0148-
9062(95)00034-8 
1995 
“International comparison of coupled thermo-hydro-mechanical models of a multiple fracture Bench Mark Problem: 
DECOVALEX. Phase I, Bench Mark Test 2” 
Authors: T. Chan, K. Khair, L. Jing, M. Ahola, J. Noorishad, E. Vuillod. 
Contribution: 
This paper presents the validation and development of coupled thermo-hydro-mechanical (THM) models, in the context of 
nuclear waste isolation. It is an international collaboration between five very distinct teams, working to solve the same 
problem. 
Objectives of the paper: 
To compare the results of a bench mark problem (called BMT2) between two fundamentally different types of numerical 
models: Finite Element Method (FEM) and Distinct Element Method (DEM).   
Methodology used: 
Most of the teams modelled the fractures explicitly as discrete features and used a two-dimensional plane strain problem. The 
rock matrix was assumed to be thermo-poroelastic using an extension of Biot’s theory of consolidation.  
Two cases have been run: 
- Main case: heat transport by conduction, forced convection and natural convection are modelled.  
- A no convection case is also run to obtain results for comparison between the teams. 
Conclusions: 
It was found that heat convection significantly affects the distribution of temperature, thermal stresses and displacement; and 
the predominant coupled effect is fracture closure caused by thermal expansion of the rock blocks. 
It is reassuring to note that the results given by the two different types of numerical models (FEM and DEM) are quite 
similar. 
Comments: 
The DECOVALEX project is interesting as it is an international collaboration between five teams that uses different methods 
to solve the same problem. This kind of project allows better understanding and modelling of coupled T-H-M processes.   
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Developments in Geotechnical Engineering, vol. 79, Elsevier Science B.V, 1996 
“Coupled Thermohydroelasticity Phenomena in Variably Saturated Fractured Porous Rocks – Formulation and Numerical 
Solution” 
 
Authors: J. Noorishad, C.F. Tsang 
Contribution: 
This paper presents a very detailed state-of-the-art of the thermo-hydro-mechanical (THM) solution methodologies developed 
up to the present time of the paper (1996). 
It presents the equations and a finite-element solution methodology for the coupled THM problem in variably saturated 
porous fractured rocks subjected to the condition of weak non-isothermal conditions. 
Objective of the paper: 
In the context of implementing geotechnical project such as nuclear waste storage, this paper’s objective is to bring elements 
in order to better understand the coupled phenomena that are induced. The objective is to consider each phenomenon 
(thermal, hydraulic and mechanical) and understand in what way they are coupled: hydrothermal flow, coupled 
thermoelasticity, coupled hydroelasticity (poroelasticity). 
Methodology used: 
The general equations for first the fully saturated case and then for the variably saturated (general) case were derived. Then 
the solution methodologies were developed. Finally, the methodology was used on examples: Thermoelastic consolidation of 
a sand column; Variation of flow to the Stripa heater test hole; thermohydraulic fracturing; the post-closure far-field effects in 
a HLNW repository; Effects of placement of a HLNW canister and bentonite overpack. 
Conclusions: 
The methodology presented in this paper provides a method of analysis of the THM processes in fractured porous rocks 
under weak non-isothermal conditions.  
However, in more complex cases such as when fractures cannot be modelled discretely or when anisotropy and nonlinearity 
becomes the major concern, this methodology requires alternative or proper constitutive modelling. Also, proper 
representation of fractured rocks or failing rocks under changing saturation remains the greatest challenge.  
Comments: 
This paper goes further than other papers by questioning the assumption of the full saturation of the pore spaces in the media 
and considering variably saturated rocks. 
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International Journal of Rock Mechanics and Mining Sciences 37 (2000) 79-87 
“Coupling in poroelasticity and thermoelasticity” 
Author: R.W. Zimmerman 
Contribution: 
The equation of linearized poroelasticity and thermoelasticity are derived.  Elements of the coupling between mechanical and 
hydraulic or thermal effects are described. 
Objectives of the paper: 
Description of the coupling parameters and discussions: 
- poroelastic parameter: product of the Biot coefficient and the Skempton coefficient; 
- thermoelastic parameter: ratio of stored elastic strain energy to stored thermal energy. 
Methodology used: 
First, the linear poroelastic constitutive equations are derived. Then, the hydromechanical coupling is described. Finally, the 
equations of thermoelasticity are developed. 
Conclusions: 
It has been showed that the poroelastic coupling effect is significant, whereas the thermoelastic coupling effect is usually 
negligible. Hence, in practice the equation governing the temperature distribution is not affected by the stresses and strains, 
whereas this is not usually the case for the pore pressure equation. 
It is also mentioned that there are other types of thermoelastic couplings that are not addressed in the paper: 
- The stresses will alter the permeability, and this alteration will in turn influence the flow field, and thereby change 
the pore pressure distribution. 
- The analysis presented treated the theory of thermoelasticity of non-porous media, and the theory of isothermal 
poroelasticity but in the more general case of non-isothermal poroelasticity there is a significant influence of 
temperature on stresses that need to be taken into account: an increase in temperature induce a increase in pressure 
that can give rise to mechanical stresses and strains.  
Comments: 
This paper is valuable for the project as it shows the poroelastic coupling effect is important and it will have to be modelled 
in our project. The thermoelastic coupling effect, in contrast, is usually negligible, so we will not consider it for our model.   
32  SPE Number 
Journal of Engineering mechanics ASCE, 2006. 
“Porothermoelastic Analysis of the Response of a Stationary Crack Using the Displacement Discontinuity Method” 
Authors: A. Ghassemi, Q. Zhang. 
Contribution: 
This paper treats the coupling between the thermal and poromechanical processes using a transient displacement 
discontinuity boundary element method (DD). 
Objectives of the paper: 
The objective is to examine the response of a fracture in porothermoelastic rock when subjected to stress, pore pressure, and 
temperature perturbations. The contribution of each mechanism to temporal variation of fracture opening is studied. 
Methodology used: 
The full range of the crack opening due to the applied loads is investigated with the use of a transient displacement 
discontinuity (DD) boundary element method. For validation the numerical results are compared with the asymptotic 
behaviour of a plane strain crack.  
Conclusions: 
It has been showed that the application of a stress to the fracture surfaces induces an opening of the fracture. However, the 
pore pressure loading to the crack surfaces causes the fracture to close. An important decrease of temperature of the fracture 
walls increases the fracture width. 
The results show that in long term injection/ extraction operations in geothermal reservoirs, the thermal effects are 
predominant with respect to the influence of hydraulic loading. 
Comments: 
The DD method is very attractive to solve discontinuous problems. Therefore understanding this numerical method is 
valuable for this project, as the problem we want to solve is discontinuous because of the presence of fractures in the domain 
of interest. 
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SPE 139706 (2010) 
“Thermal Aspects of geomechanics and induced fracturing in CO2 injection with application to CO2 sequestration in Ohio 
river valley” 
Authors: S. Goodarzi, A. Settari, M. Zoback, D.W. Keith 
Contribution: 
This paper investigates the induced thermal effects of CO2 injection on stresses, displacements, fracture pressure and 
propagation. 
Objective of the paper: 
To take into account the thermal effects in simulating fracture propagation. 
Methodology used: 
Model focuses on a single well performance and considers induced fracturing for both isothermal and thermal injection 
conditions. 
Conclusions reached: 
- Injection of CO2 at a lower temperature than reservoir temperature reduces the fracture pressure and therefore 
reduces the injectivity. 
- Coupled flow, geomechanical and heat transfer model are necessary for accurate simulation of CO2 storage. 
- Thermal effects of injection on fracture propagation depend on the injection rate: at low injection rate thermal 
effects are dominant on fracture propagation. 
Comments: 
This paper is valuable because it shows how the prevalence of the thermal effect depends on the injection rate. 
It is mentioned that the model used is a coupled THM but it hasn’t been specified if it was fully or one-way coupling. It 
would be interesting to have more details on the type of coupling they used.
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Energy Procedia 4, 3714-3721, Elsevier 2011 
“Influence of thermo-elastic stress on fracture initiation during CO2 injection and storage” 
Authors: Z. Luo, S. Bryant. 
Contribution: 
This paper describes a model of fracture propagation and initiation that takes into account the thermo-elastic effects.  
Objective of the paper: 
The purpose of this model is to be used in risk mitigation. They try to estimate the safe injection pressure range in order to 
avoid fracture initiation at an injection well.  
Methodology: 
First, a simple model for heat transfer in the wellbore was created. This model has been validated using the commercial 
software PROSPER. This model was then used in order to: 
- predict the range of bottom hole fluid temperature, and hence the range of thermo-elastic stresses, for different 
storage strategies; 
- evaluate the sensitivity of thermo-elastic stresses to thermal and operating parameters;  
- relate the thermo-elastic stresses to the critical pressure for fracture initiation. 
Finally, a dimensionless group is introduced to describe the influence of injection rate and heat transfer between wellbore 
fluid and surrounding formation.  
Conclusions reached: 
It has been shown that the thermo-elastic stresses depend on the efficiency of heat transfer between the injected CO2 in the 
wellbore and surrounding formations relative to the injection rate. Moreover, the thermo-elastic stresses have a great 
influence on the critical pressure for fracture initiation when the injection rate is sufficiently large.  
It has also been shown that thermo-elastic stresses in shale (cap rock) can be twice as high as that in sandstone (storage 
aquifer) making shale easier to fracture than sandstone.  
Comments: 
This paper goes further than others on the same kind of subject as it also considers the fracture initiation rather than only the 
fracture propagation. Moreover, it shows that shales are easier to crack than sandstones, which is an interesting characteristic 
to point out. 
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Computer and Geotechnics, 38 669-682. 2011 
“A numerical study term thermo-poroelastic effects of cold water injection into naturally fractured geothermal reservoirs” 
Authors: J. Koh, H. Roshan, S.S. Rahman. 
Contribution: 
This paper describes fracture closure in the case of a geothermal reservoir under cold water injection. 
Objectives of the paper: 
A geothermal reservoir model is presented, in which a thermo-poroelastic finite element module is coupled to a fracture 
geomechanical module.  
The objective is to present a new approach to this problem by treating dynamically the characteristic properties of individual 
fractures in simulating fluid flow and the response of the natural fracture system to cold fluid injection.  
Methodology used: 
The overall structure of the computational model consists of three major computational segments which include: 
- a geomechanical stimulation model: modelling of the natural fracture network; 
- an effective permeability model: the calculations of fluid potential and fluid flux for the estimation of effective 
permeability are presented; 
- a finite element based thermo-poroelastic fluid flow model: heat transfer model and modelling of shear displacement 
induced by fluid. 
Conclusions: 
This paper presented q numerical thermo-poroelastic reservoir model which coupled fractures geomechanics, temperature, 
fluid flow and stress changes in a naturally fractured reservoir. 
It has been shown that tensile thermal stresses were induced normal to the fracture surfaces. This had for consequence to 
increase the permeability of the system due to a reduction of the normal closure stresses on the fracture surfaces. It was also 
observed that the thermo-poroelastic effect has a profound long term effect.  
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Internal Journal of Greenhouse Gas Control 12 (2013) 300-309 
“Effects of thermal stresses on caprock integrity during CO2 storage” 
Authors: Gennady Yu. Gor, Thomas R. Elliot, Jean H. Prevost 
Contribution: 
The effects of injection temperature, initial stresses and rock density on the caprock integrity are presented.  
In this paper the authors try to estimate the propagation rate of fractures, and they put the emphasis on the various factors 
affecting this rate. 
Objective of the paper: 
The aim of this work is to study the effect of CO2 injection temperature on caprock integrity in a deep sequestration aquifer, 
using coupled thermo-poromechanical multi-phase simulations. 
This work demonstrates numerical and analytical modelling options for predicting the thermo-mechanical fracture processes 
in the caprock of a CO2 sequestration aquifer, under measured stress and reservoir conditions from a field located in In Salah, 
Algeria. 
Methodology used: 
Coupled pressure-displacement equations are used. First, the system under consideration is described, then the results of the 
simulations are given for the values of stress and mobilized friction angle, which predict tensile and shear failure of the 
caprock. Finally, based on the simulation results, the propagation rate of fractures is estimated and the various factors 
affecting this rate are discussed. 
Conclusion reached: 
This paper shows that the thermal expansion of the rock significantly enhances the stresses developing by the fluid pressure 
build-up. These stresses are predicted to be large enough to lead to fracturing the caprock. Besides, there is also possibility of 
shear failure. 
The higher the difference of temperature between the injected fluid and the ambient temperature of the aquifer is and the 
higher will be the shear failure in the caprock. 
As soon as a fracture forms, it will start to propagate because of the high pressure in the reservoir. The results of the 
simulations show that the rate of fracture propagation is strongly related to the permeability of the caprock. The lower the 
permeability is, the faster the fractures propagate. 
Preventive actions to avoid fracture propagation in the caprock would be pressure management strategies and mitigation 
efforts would be to warm the CO2 before it reaches the injection formation. 
Comments: 
In contrast with other papers on the same kind of subject, this paper has a different approach by estimating the fracture 
propagation rate and the different factors that influence this rate (mainly the temperature difference and the permeability). 
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International Journal of Rock Mechanics and Mining Sciences 40 (2003) 283-353 
“A review of techniques, advances and outstanding issues in numerical modelling for rock mechanics and rock engineering”  
Author: L.Jing 
Contribution: 
This paper focuses on rock modelling. It shows the fundamental characteristics (discontinuity, anisotropy, inhomogeneity and 
inelasticity) and phenomenon (coupling between thermal, hydraulic and mechanical processes) that must be taken into 
account in order to properly model rocks. It also summarizes at the different main methods to model rock that exist. 
Objectives of the paper:  
This paper presents the techniques, advances, problems and likely future developments in numerical modelling for rock 
mechanics. 
Methodology used: 
The different types of numerical models are outlined together with a discussion on how to obtain the necessary parameters 
for the models. A state-of-the-art of the numerical methods used in rock mechanics is presented.  
Conclusions reached: 
Conclusions related to the main numerical modelling methods: 
- Finite Element Method: This method presents a lot of advantages in handling material inhomogeneity and non-
linearity. Moreover, many well-verified commercial codes are available. The generalized FEM approaches are 
interesting for problems of fractured rocks because of their flexibility for meshing and capability of fracture 
evolution simulations without re-meshing. For all these reasons, the FEM approach is believed to remain, in the near 
future, a mainstream numerical too in engineering computations. 
- Boundary Element Method: This method remains today the best tool for simulating fracturing processes in rock. 
For, the BEM method is more suitable for large-scale problems than the FEM method because it permits a reduction 
of the problem’s degrees of freedom. However, modelling of fully coupled THM processes using BEM is still less 
common than with FEM techniques. 
- Finite Difference Method / Finite Volume Method: These methods are especially useful for solving fluid flow 
equations so they are useful for coupled THM problems of large-scale. 
- Discrete Element Method (DEM): The DEM approach, either implicit or explicit, is very useful to model relatively 
large number of fractures for purely mechanical problems or for coupled THM processes. The main weakness of this 
approach, however, is the lack of fluid flow in the rock matrix. Therefore, the matrix-fracture flow interaction 
cannot be adequately treated. Finally, DEM models require 3D simulations (2D models can only be used for generic 
studies). 
- Discrete Fracture Network model: The DFN approach has the same weakness as the DEM approach; however, it is a 
valuable tool for generic studies for a quantitative evaluation of the impact of fracture system variations on the 
model output. 
Comments: 
This paper gives a very clear idea on the different numerical methods that exist and showing the advantages and 
disadvantages related. 
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Biot-5 conf., Vienna, 2013. 
“One-way versus Two-way coupling in reservoir-geomechanical models” 
Author: Jean Prevost. 
Contribution: 
Procedures to couple stress and pressure, saturation and temperature equations are reviewed. As coupling between saturation 
and temperature with stress and fluid pressure are weak, the focus is put on stress and pressure equations couplings. 
Objectives of the paper:  
The objective of this paper is to compare the accuracy of simultaneous integration (fully two way coupling) versus sequential 
integration (one-way coupling) of pressure and stress equations. 
Methodology used: 
First the two-way fully coupled solution is presented. The simultaneous integration of the stress and pressure equations is 
achieved by computing the contribution to the coupled Jacobian matrix thru finite differencing of the residual equations 
Then the one-way coupling solution scheme is detailed. The core of the one-way coupling solution procedure is the 
sequential integration of first the pressure equation, then the stress equation. There is also a one-way iterative coupling 
method presented. 
Conclusions reached: 
Two-way coupling (simultaneous integration) of pressure and stress equations is required if poromechanical effects are to be 
accurately captured. 
One-way iterative (sequential) integration of reservoir-geomechanical equations can work but requires an unreasonable 
number of iterations for accurate integration of strongly coupled equations, such as pressure and stress equations. 
There are many uncertainties related to the sub-surface conditions and it would be unwise to add additional uncertainties by 
improper integration of the fields equations therefore the two-way fully coupled solution scheme are required for the stress 
and pressure equations. 
Comments: 
This paper has the advantage to rise the issue of how to solve the coupled pressure and stress equations. However, in our 
project we are also interested in analysing the coupling between the temperature and the stress equations, which is not 
discussed in this paper.  
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Appendix 2: Derivation of the thermoporoelasticity theory 
 
The formulation and explanations of the theory of thermoporoelasticity comes from Zimmerman (1999). 
 
We consider a piece of porous rock subjected externally to a purely normal traction called the confining pressure Pc; and 
internally the pore walls are subjected to a pore pressure Pp exerted by the pore fluid. We consider also the two volumes 
characterizing the rock, first the bulk volume Vb and second the pore volume Vp. These two independent pressures and two 
independent volumes permit to define four compressibilities: 
𝐶𝑏𝑐 =
−1
𝑉𝑏
(
𝜕𝑉𝑏
𝜕𝑃𝑐
)
𝑃𝑝
, 𝐶𝑏𝑝 =
1
𝑉𝑏
(
𝜕𝑉𝑏
𝜕𝑃𝑝
)
𝑃𝑐
          (1) 
 
𝐶𝑝𝑐 =
−1
𝑉𝑝
(
𝜕𝑉𝑝
𝜕𝑃𝑐
)
𝑃𝑝
, 𝐶𝑝𝑝 =
1
𝑉𝑝
(
𝜕𝑉𝑝
𝜕𝑃𝑝
)
𝑃𝑐
          (2) 
The bulk and pore strain increments can be expressed in terms of the porous rock compressibilities: 
𝑑𝜀𝑏 = −
𝑑𝑉𝑏
𝑉𝑏
= 𝐶𝑏𝑐𝑑𝑃𝑐 − 𝐶𝑏𝑝𝑑𝑃𝑝           (3) 
𝑑𝜀𝑝 = −
𝑑𝑉𝑝
𝑉𝑝
= 𝐶𝑝𝑐𝑑𝑃𝑐 − 𝐶𝑝𝑝𝑑𝑃𝑝           (4) 
Noting the matrix compressibility Cm and  the porosity, we have the following relationships: 
𝐶𝑏𝑐 = 𝐶𝑏𝑝 + 𝐶𝑚             (5) 
𝐶𝑝𝑐 = 𝐶𝑝𝑝 + 𝐶𝑚             (6) 
𝐶𝑏𝑝 = 𝜙𝐶𝑝𝑐              (7) 
 
Linear poroelasticity 
In the isothermal poroelastic theory (Biot 1941), the time dependent fluid flow is incorporated by combining the fluid mass 
conservation with Darcy’s law; and the basic constitutive equations relate the total stress to both the effective stress, given by 
deformation of the rock matrix, and the fluid pore pressure (Ghassemi and Zhang, 2006). 
 
We start by re-calling the stress-strain relations of a non-porous material, expressed in terms of the shear modulus G and 
Poisson’s ratio , written in a matrix form: 
ε =
1
2G
σ −
ν
2G(1+ν)
trace(σ)𝐈          (8) 
In these equations the stresses and strains at each point can be interpreted as average values taken over infinitesimal region. 
However, if the rock is porous and assuming that it is macroscopically isotropic, a pore pressure increment will lead to equal 
extensions along each of three mutually orthogonal directions but, within the context of linear theory, it cannot cause any 
shear strains (Zimmerman, 1999).  
Since the total bulk volumetric strain resulting from an applied pore pressure is −𝐶𝑏𝑝𝑃𝑃, the coefficient that relates each 
macroscopic longitudinal strain to the pore volume is −𝐶𝑏𝑝/3: 
ε =
1
2G
σ −
ν
2G(1+ν)
trace(σ)𝐈 −
𝐶𝑏𝑝
3
𝑃𝑃𝐈         (9) 
 
Noting that the Biot coefficient  and the macroscopic bulk modulus K, are defined as 𝛼 = 1 −
𝐾
𝐾𝑚
 and 𝐾 =
1
𝐶𝑏𝑐
, equation (9) 
can be re-written: 
ε =
1
2G
σ −
ν
2G(1+ν)
trace(σ)𝐈 −
𝛼
3𝐾
𝑃𝑃𝐈          (10) 
 
Definitions 
 
The Biot’s coefficient is the ratio of the pore compressibility to the bulk compressibility. As defined by M.A. Biot (1941) the 
coefficient α “measures the ratio of the water volume squeezed out to the volume change of the soil if the latter is compressed 
while allowing the water to escape”. It is introduced in the stress-strain equation in order to account for the deformability of 
the solid grains. 
𝛼 =
3(𝜈𝑢−𝜈)
𝐵(1−2𝜈)(1+𝜈𝑢)
            (11) 
Where 𝜈𝑢 and 𝜈 are repectively the undrained and drained Poisson’s ratios, and B is Skempton’s coefficient. 
 
We need to define what is called “undrained compression”. As defined by Jaeger et al (2007), the drained compression is 
when the pore pressure and the confining pressure vary independently. It is important to mention the fact that the stiffness of 
a fluid saturated rock will depend on the rate at witch the external force is applied: 
When an external force is applied quickly, the pore pressure in the rock’s pores increases because the pore fluid is 
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carrying some of the applied stress and the rock behaves in an “undrained manner”. In other words, if stress is applied faster 
than fluid is pressure can drain away, the fluid carries some of the applied stress and the rock is relatively stiff.  
When an external force is applied slowly, any increase in fluid pressure associated with compression of the pores 
has time to drain away such that the rock’s stiffness is the same as if no fluid was present. 
 
The Biot coefficient is constrained by the inequality (Zimmerman 1999): 
3Φ
2+Φ
≤ 𝛼 ≤ 1             (12) 
The Skempton parameter B is closely related to the ratio of the compressibility of the pores to the ratio of the compressibility 
of the pore fluid. It can also be defined as the ratio of the pore pressure increment to the confining pressure increment, when 
the confining pressure is varied under “undrained” condition, in which no fluid is permitted to leave the specimen. It is a 
measure of how the applied stress is distributed between the skeletal framework and the fluid. 
 
 
 
The equations for the stresses in terms of strains are found by inverting equation (10): 
σ − α𝑃𝑝𝐈 = 2Gε + λtrace(ε)𝐈          (13) 
Where 𝜆 =
2Gν
1−2ν
 is the Lamé parameter. The terms σ − α𝑃𝑝𝐈 are known as the effective stresses. 
 
In order to develop equations that relate the pore pressure to the amount of fluid contained in the pores, we consider a region 
of rock with bulk volume Vb, whose pore space contains an amount of fluid of mass m. If the density of the pore fluid is f the 
volume occupied by this fluid is m/f. With the assumption that the rock is fully-saturated by the single fluid, the volume is 
also equal to pore volume. The incremental change in pore volume is therefore given by: 
𝑑𝑉𝑝 = 𝑑 (
𝑚
𝜌𝑓
) =
𝑑𝑚
𝜌𝑓
−
𝑚
𝜌𝑓
𝑑𝜌𝑓
𝜌𝑓
            (14) 
Noting that :   
𝑑𝜌𝑓
𝜌𝑓
= 𝐶𝑓𝑑𝑃𝑝, equation (14) can be re-written: 
𝑑𝑉𝑝
𝑉𝑏
=
1
𝑉𝑏
𝑑𝑚
𝜌𝑓
− 𝜙𝐶𝑓𝑑𝑃𝑝            (15) 
This last equation shows that the change in the volumetric fluid content of a region of rock can be separated into two parts: 
one due to additional fluid moving into the region of rock, denoted d, and one due to compression or expansion of the fluid 
already in that region. 
The portion of the change in volumetric fluid content that is due solely to mass transfer, d is expressed as: 
𝑑𝜁 ≡
1
𝑉𝑏
𝑑𝑚
𝜌𝑓
=
𝑑𝑉𝑝
𝑉𝑏
+ 𝜙𝐶𝑓𝑑𝑃𝑝            (16) 
Recalling equation (9): 
𝑑𝜁 = −𝜙[𝐶𝑝𝑐𝑑𝑃𝑐 − (𝐶𝑝𝑝 + 𝐶𝑓)𝑑𝑃𝑝]           (17) 
 
Recalling Skempton’s coefficient expression: 
𝐵 = (
𝜕𝑃𝑃
𝜕𝑃𝐶
)
𝑢𝑛𝑑𝑟𝑎𝑖𝑛𝑒𝑑
= (
𝜕𝑃𝑃
𝜕𝑃𝐶
)
𝑑𝜁=0
=
𝐶𝑝𝑐
𝐶𝑝𝑝+𝐶𝑓
=
𝐶𝑝𝑝+𝐶𝑚
𝐶𝑝𝑝+𝐶𝑓
        (18) 
Thus, we have: 
𝑑𝜁 = −𝛼𝐶𝑝𝑐 (𝑑𝑃𝑐 −
1
𝐵
𝑑𝑃𝑝) = −
𝛼
𝐾
(𝑑𝑃𝑐 −
1
𝐵
𝑑𝑃𝑝)         (19) 
 
In the linearized theory of poroelasticity, the constitutive parameters are assumed to be independent of stress: 
𝜁 = −
𝛼
𝐾
(𝑃𝑐 −
1
𝐵
𝑃𝑝)            (20) 
The expression for the bulk strain becomes: 
𝜀𝑏 =
(1−𝛼𝐵)
𝐾
𝑃𝑐 − 𝐵𝜁           (21) 
 
Hydromechanical coupling 
The strength of the coupling between pore fluid and macroscopic deformation can now be estimated. 
In undrained processes: 
𝜀𝑏(𝑢𝑛𝑑𝑟𝑎𝑖𝑛𝑒𝑑) =
(1−𝛼𝐵)𝑃𝑐
𝐾
          (22) 
𝜀𝑏(𝑑𝑟𝑎𝑖𝑛𝑒𝑑 𝑎𝑡 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑝𝑜𝑟𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) =
𝑃𝑐
𝐾
        (23) 
𝐵 = (
𝜕𝑃𝑃
𝜕𝑃𝐶
)
𝑢𝑛𝑑𝑟𝑎𝑖𝑛𝑒𝑑
 
1 for saturated soils because the fluid supports the load. 
 
0 for gas filled pores in soils and for saturated consolidated rocks because the 
framework supports the load. 
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The dimensionless parameter is therefore a measure of the strength of coupling between pore fluid effects and macroscopic 
deformation: 
𝜀𝑏(𝑢𝑛𝑑𝑟𝑎𝑖𝑛𝑒𝑑)
𝜀𝑏(𝑑𝑟𝑎𝑖𝑛𝑒𝑑)
= 1 − 𝛼𝐵           (24) 
Equation of conservation of mass for the pore fluid, with q the fluid flux vector: 
𝜕𝜁
𝜕𝑡
+ ∇. 𝒒 = 0            (25) 
Darcy’s law gives us the relation between the fluid flux and the pore pressure: 
𝒒 = −
𝒌
𝜇
∇(𝑃𝑝 − 𝜌𝑓𝒈. 𝒙)           (26) 
Where k is the permeability tensor (m
2
),  is the fluid viscosity (Pa.s), Pp is the pore pressure, f is the fluid density and g is 
the gravitational acceleration vector. For simplicity we will neglect the gravitational term in the following. 
For isotropic rock masses, k=kI, where I is the unit tensor, and k is the permeability coefficient: 
𝜕𝜁
𝜕𝑡
=
𝑘
𝜇
∇2𝑃𝑝            (27) 
 
Thermoelasticity 
A thermoelastic approach combines the theory of heat conduction with the elastic constitutive equations, and thus couples the 
temperature and stress fields (Ghassemi and Zhang, 2006). 
When we increase the temperature of a rock initially unstressed, the rock will expand. Under the assumption of linearity and 
for an isotropic rock, this temperature rise will induce strains in the rock that are given by 𝜀 = −𝛽(𝑇 − 𝑇0)𝐈 (Zimmerman, 
1999). Where T0 is the initial temperature of the rock and  is the coefficient of linear thermal expansion (dimension 1/K).  
The basic assumption of linearized thermoelasticity is that if a rock is subjected to both a temperature and an applied stress 
state, then the resulting strain is the sum of the thermal strain and the stress-induced strained (Zimmerman, 2009): 
ε =
1
2G
σ −
ν
2G(1+ν)
trace(σ)𝐈 − 𝛽(𝑇 − 𝑇0)𝐈          (28) 
The equations for the stresses in terms of strains are found by inverting equation (28): 
𝜎 = 2𝐺𝜀 + 𝜆𝑡𝑟𝑎𝑐𝑒(𝜀)𝐼 + 3𝛽𝐾𝜗           (29) 
To simplify the notation we note the temperature difference . 
A diffusion equation for the temperature is found by considering conservation of energy.  
We introduce a conductive heat-flux vector qT, with units J/m2. 
The driving force for the conductive heat flux is the temperature gradient, as embodied by Fourier’s law for an isotropic rock: 
𝐪𝐓 = −𝑘𝑇∇𝜗𝐈             (30) 
Where kT is the scalar thermal conductivity (W/mK). 
The temperature dependant part of the energy is given by: 
𝑈 = 𝑈0 + 𝑐𝑣𝜗             (31) 
where U is the energy per unit mass (J/kg), U0 is the energy at temperature T0 and cv (J/kgK) is the specific heat at constant 
strain. If the elastic strain energy is neglected, the net flux of heat conducted into any region of rock must equal the rate of 
change of the non-mechanical part of the internal energy: 
𝜌
𝜕𝑈
𝜕𝑡
+ ∇. 𝐪𝐓 = 0              (32) 
Using equations (30), (31) and (32) leads to: 
𝜕𝜗
𝜕𝑡
=
𝑘𝑇
𝜌𝑐𝑣
∇2𝜗 = 𝐷𝑇∇
2𝜗            (33) 
Where DT is the thermal diffusivity (m2/s). 
 
Thermoporoelasticity 
Ghassemi and Zhang (2006) derive the equation of thermoporoelasticity. We are considering a linear thermoporoelastic 
framework with the assumptions of a isotropic linear thermoporoelastic solid matrix, a single phase flow, small deformations, 
instantaneous thermal equilibrium between the solid and the fluid phases. 
A thermoporoelastic system depends on the following variables: total stress σ and linearized strain 𝜀, pore pressure Pp, 
temperature difference , variation of fluid content per unit reference volume of porous material ζ. 
 
The constitutive equations of thermoporoelasticity are (Ghassemi and Zhang 2006): 
∆ε𝑖𝑗 =
∆σ𝑖𝑗
2G
   𝑖 ≠ 𝑗  [dimensionless]         (34) 
Equations describing the volumetric response of the solid and fluid  
∆ε𝑘𝑘 =
∆σ𝑘𝑘
3K
+
α∆P𝑝
K
+ β𝑠
′ 𝜗      [dimensionless]        (35) 
∆ζ =
α
3K
∆σ𝑘𝑘 +
α∆P𝑝
BK
− 𝜙(𝛽𝑓 − 𝛽𝑠
′′)𝜗 [dimensionless]       (36) 
∆σij = 2G∆εij +
2Gν
1−2ν
∆εkkδij − α∆P𝑝δij + Kβs
′ 𝜗δij [Pa]       (37) 
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The constant K is the rock’s bulk modulus, G is the shear modulus, B is the Skempton’s pore pressure coefficient, α is the 
Biot’s effective stress coefficient, βs
′  is the volumetric thermal expansion coefficient of the bulk solid under constant pore 
pressure and stress. βf and βs
′′ represent the volumetric thermal expansion coefficients of the pore fluid and the matrix.  is 
the rock porosity. δij is the Kronecker symbol. 
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Appendix 3: Simulation tool CSMP++ 
 
 
CSMP++ is a numerical simulation tool for integrated simulation of THMC processes in geometrically complex models with 
a wide range of length scales. 
 
It is a hybrid model that combines Finite Element (FEM, XFEM, DEM) with Finite Volume (FVM) methods to solve elliptic-
parabolic and hyperbolic PDE’s. 
 
Source: http://stephan-matthai.com/CSMP_info2.htm#section1 
 
“CSMP is an ANSI/ISO C++ based object-oriented application programmer interface (API), for the simulation of earth 
systems. Its design objective was to facilitate the correct simulation of the interplay of complex physical processes in 
geometrically complex domains. For this purpose, a design-pattern based, agile software development strategy was used that 
emphasizes modular code, minimizing object interdependence by the extensive use of templates, and expresses 
commonalities using polymorphism as a framework for a user-driven extension of CSMP's process simulation libraries. 
Being written in C++, CSMP also draws on the strength of the STL library and meta template programming strategies as 
those used in the Todd Verhuizen's Blitz++ framework.” 
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Appendix 4: Verification simulation - Material parameters (Westerley Granite) (Chun, 2013) 
 
 
 
 
 
 
 
